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ABSTRACT

The modular multilevel converter (MMC) is increasingly becoming popular for
multi-MW drive systems. One of the main technical challenges associated with the op-
eration of MMC for adjustable-speed drives is the large magnitude of submodule (SM)
capacitor voltage ripple under constant-torque low-speed operation. This project proposes
two new control strategies to reduce the magnitude of the SM capacitor voltage ripple
in the MMC-based adjustable-speed drive systems under constant-torque low-speed op-
eration. The proposed control strategies are based on injecting a square-wave common-
mode voltage at the ac-side and a circulating current within the phase-legs to attenuate the
low-frequency components of the SM capacitor voltages. The frequency spectrum of the
injected circulating current consists of components in the vicinity of either the common-
mode frequency or the common-mode frequency and third harmonic of the common-mode
frequency. This report also provides (i) a theoretical comparison of the proposed control
strategies with the existing ones, (ii) a controller design methodology to systematically
determine the controller gains of the proposed control strategies, and (iii) a theoretical
proof of stability of the proposed control strategies and their design methodology based
on Lyapunov analysis of singularly perturbed non-linear non-autonomous systems. A set
of experimental results for various case studies on a laboratory-scale prototype are pro-
vided to support the theoretical proof of stability of the proposed control strategies and
their design methodology, and to show the superior performance of the proposed strategies
over the existing strategy. The DC-DC Modular Multilevel Converter (MMC), which has
originated from the AC-DC MMC circuit topology, is an attractive converter topology for
interconnection of medium-/high-voltage DC grids. The objective of the proposed research
is to address the technical challenges associated with the operation and control of the DC-
DC MMC. To this end, first, a phasor-domain mathematical model of the DC-DC MMC
is proposed to determine the AC and DC components of the arm current, phase current,
and Sub-Module (SM) capacitor voltage ripple under steady state. A design procedure for
the DC-DC MMC based on the proposed mathematical model is developed to achieve high
efficiency and to reduce the size of components. The proposed design procedure includes
sizing of the arm inductor, submodule capacitor, and phase filtering inductor along with the
selection of AC operating frequency of the converter. The accuracy of the developed model

and the effectiveness of the design approach are validated based on the simulation studies




in the PSCAD/EMTDC software environment.

Proper operation of the DC-DC MMC necessitates injection of an AC circulating cur-
rent to maintain its SM capacitor voltages balanced. The AC circulating current, however,
needs to be minimized for efficiency improvement. To regulate the active AC power of each
arm and to maintain the SM capacitor voltages balanced, two closed-loop control strategies,
one based on an Model-based Close-loop Controller (MCC) and the other based on a Push-
Pull Closed-loop Controller (PCC) are proposed to control the DC-DC MMC. Both control
strategies are capable of simultaneously regulating the output DC-link voltage, maintain-
ing the SM capacitor voltages balanced and minimizing the AC circulating current. The
proposed control strategies employ PI controllers to regulate the output DC-link voltage.
The MCC controls the arm AC active power based on the steady state model of the DC-DC
MMC while the PCC controls the arm AC active power based on a perturb and observe
algorithm. Performance and effectiveness of the proposed control strategies are evaluated
based on simulation studies under various operating conditions in the PSCAD/EMTDC
software environment.



CHAPTER1

CONTROL OF THE DC-AC MMC FOR VARIABLE-SPEED DRIVE
SYSTEMS

1.1 Glossary of terms

Number of inserted SMs in the upper arm of MMC phase-/ Np.j
Number of inserted SMs in the lower arm of MMC phase-; Ny j
PWM reference waveform for the upper arm of MMC phase-j My,
PWM reference waveform for the lower arm of MMC phase-j My, ;
PWM reference waveform to control the circulating current

in phase-leg j of the MMC Meire.j
Fundamental frequency component of PWM reference -

J

waveform for ac-side phase-j voltage
Magnitude of m; m
Common-mode frequency component of PWM reference

waveform for ac-side phase-j voltage Mem
Magnitude of my, M.
Angular frequency of m, Wem
Frequency of my, Sfem
Phase-; upper-arm current in MMC ipj
Phase-j lower-arm current in MMC I
Circulating current in phase-j leg of MMC ]
MMC dc-link current i
Ac-side current in phase-/ i
Magnitude of ac-side current L
Frequency of ac-side current if
Ac-side power factor angle ¢
Fundamental frequency component of ac-side phase-; voltage v;
Common-mode frequency component of ac-side phase-j voltage  ven
Ac-load resistance Rioad
Ac-load inductance Lioad
Machine phase-j back-emf e;
Rotor flux magnitude A
Rotor speed W,
Rotor angle 6,
Power losses of the MMC Pioss



Low-frequency components in x X

Three-phase vector of phase current/voltage x; Xabe
Park’s transformation matrix T
Settling time of closed-loop gd current control system of the motor ;0
Damping constant of closed-loop gd current control system 5
of the motor out
Settling time of closed-loop circulating current control system Lsint
Time constant of closed-loop circulating current control system Teon
Settling time of current filter L filter
Proportional controller gain of the motor ¢gd current controller K,
Integral controller gain of the motor gd current controller K;
Proportional controller gain of the circulating current controller Ky

1.2 Introduction

The modular multilevel converter (MMC) has become one of the most attractive con-
verter topologies for medium- and high-voltage/power applications due to its modularity
and scalability. The MMC has been widely investigated for high-voltage direct current
transmission systems [1-10], and is increasingly being investigated for medium-voltage
adjustable-speed drive systems [11-21]. One of the main technical challenges associated
with the operation of MMC under constant-torque low-speed operation of the MMC-based
adjustable-speed drive system is the large magnitude of the submodule (SM) capacitor volt-
age ripple due to the inverse dependence of the SM capacitor voltage ripple on the speed of
the machine. This leads to increased rating values of the converter and/or instability.

In the technical literature, a few control strategies have been proposed to reduce the SM
capacitor voltage ripple of the MMC-based adjustable-speed drive systems under constant-
torque low-speed operation [15-17,19,21]. The control strategies proposed in [15-17, 19,
21] are mainly based on using two additional degrees of freedom, i.e., a common-mode
voltage at the ac-side and a circulating current within the phase-legs, to attenuate the low-
frequency components of the SM capacitor voltage. Mitigation of the low-frequency com-
ponents in the SM capacitor voltage results in the reduction of the peak-to-peak ripple of
the SM capacitor voltage. The control strategy based on using sinusoidal common-mode
voltage and circulating current to attenuate the low-frequency components of the SM ca-
pacitor voltage was, first, proposed in [15]. In [17], the sinusoidal common-mode voltage
and circulating current are optimized in the intermediate-speed region to limit the SM ca-
pacitor voltage ripple and the peak value of the arm current. In [21], the SM capacitor
voltage ripple is analysed with respect to the peak value of the sinusoidal common-mode
voltage. In [19], control of an MMC-based adjustable-speed drive system over the com-
plete operating speed region is proposed. The control strategy in [19] in the low-speed
region is based on a sinusoidal common-mode voltage and circulating current. A control
strategy in the low-speed region, based on using square-wave common-mode voltage and
circulating current to attenuate the low-frequency components in the SM capacitor voltage
and to reduce the peak value of the circulating current, is proposed in [16]. In [20], the con-
trol strategy in the intermediate-speed region based on optimizing the dc value of the SM
capacitor voltage, is explored. However, the control strategies proposed in [15-17,19,21]
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Figure 1: Circuit diagram of a three-phase MMC.
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to reduce the SM capacitor voltage ripple in the low-speed region, have their own draw-
backs. The control strategy proposed in [15,17,19,21] requires a large circulating current,
which increases the power losses and size of the components of the converter. The control
strategy proposed in [16] is based on a square-wave circulating current. A square-wave
circulating current requires a very large voltage across the arm inductor at its discontinuous
points, which is practically difficult to attain and may cause control issues.

Stability analysis of the control strategies proposed/investigated for grid-connected MMCs
has been explored in [22-24]. However, the stability analysis in [22] is only performed on
specific states of the MMC with some assumptions on the stability of the other states of
the system. The stability analysis in [24] is also performed on specific states of the MMC
system. Moreover, the stability analysis in [23, 24] use the LaSalle’s theorem on non-
autonomous systems while the LaSalle’s theorem is only applicable to the autonomous
systems.

This project presents two new control strategies to reduce the SM capacitor voltage rip-
ple under constant-torque low-speed operation of an MMC-based adjustable-speed drive
system. The proposed control strategies are based on injecting a square-wave common-
mode voltage at the ac-side and a circulating current within the phase-legs. The frequency
spectrum of the injected circulating current consists of components in the vicinity of either
the common-mode frequency or the common-mode frequency and third harmonic of the



common-mode frequency. This report also provides a theoretical comparison of the pro-
posed control strategies with the existing control strategies. The proposed control strategies
provide a superior performance compared to the existing control strategies, in terms of the
peak/rms value of the circulating current and the SM capacitor voltage ripple. This paper
presents a controller design methodology to systematically determine the controller gains
of the proposed control strategies. The controller gains are designed such that the closed-
loop circulating current control system settles much faster than the ac-side motor current
control system. This report also proves the stability of the proposed control strategies and
their design methodology based on Lyapunov analysis of singularly perturbed non-linear
non-autonomous systems [25]. The stability analysis is performed on the complete MMC
system. A set of experimental results for various case studies on a laboratory-scale pro-
totype are provided to support the theoretical proof of stability of the proposed control
strategies and their design methodology, and to confirm the superior performance of the
proposed strategies over the existing strategy.

1.3 The MMC

The circuit diagram of a three-phase MMC is shown in Fig. 1. The structure of MMC
is explained in [4]. The only addition to the structure explain in [4] is the resistor R,,, which
represents the resistance used in the voltage sensing circuit of each SM capacitor.

1.3.1 Dynamic Model

As an extension of the work in [23], the capacitor voltage dynamics of the MMC can
be summarized by

dvcp i,‘ id ch,j

CSM dtj —mpj(2+lmr01+?c —R—p, (la)
dvc,,,~ l id vcn,j

CSMTJ = mn,j( 2 + lCer_] + ?C - E’p—a (lb)

where the PWM reference waveforms used to control the upper and lower arms of phase-leg
J are given by

( 1 = 2mgye., j) (m FE: mcm)

Mp; = ) i B i (23)

Moreover, the overall dynamics of the MMC can be summarized by

di: ﬁ (mj+mcm> 3 (1 —2mcirc,j) R

sl Ve,i Ve
e 2 2 ; 2 ;
- Reqij - (ej + f’cm) ’ (33)

L




L digee; N (mj+mcm) (1 — 2Mgire, j) .

Tdt 2 2 e T Ty e
Con d:ct“_j _ _(mj -l-zmcm)ij .\ 2 (I - imcirc,j) e
_ My 2(1- 2mie,) e, Ge)

ACTA S
dvA, . (1 = 2mcirc,j) . 2 (mj + mcm) .

a 2z sy
i Ripvf.j - %—(m"——ém°"‘)fdc, (3d)
where
V= (vL i+ Ven j), (4a)
v = (Veps = Ven) (4b)
Req = Rioud + %, (4c)
Leg = Ligag + {42_0_‘ (4d)

1.4 Low-Frequency Operation

Without adopting any specific control strategy, the peak-to-peak ripple of the SM ca-
pacitor voltages is given by [26]

10 2 %
SVepp = (1 _(mc;)sqﬁ)) . )

2CSer

As shown in (5), the peak-to-peak ripple of the SM capacitor voltages has an inverse depen-
dency on the ac-side frequency and a direct dependency on the ac-side phase current mag-
nitude. Consequently, under low-speed and startup conditions of constant-torque MMC-
based adjustable-speed drive systems, the peak-to-peak ripple of the SM capacitor voltages
becomes pronounced.

1.4.1 The Existing Sine-wave Strategy

The sine-wave control strategy to reduce the SM capacitor voltage ripple, hereafter
referred to as the sine-wave strategy, is based on injecting a sinusoidal common-mode volt-
age and circulating current [15,17,19,21]. The corresponding common-mode frequency



dvey i i (L =m?) (e, & Lok 1—nm?)
d;’j ~ _Cst ( 5 j) ((?1 - 33) cosQwent) + (—61— + f)cos(4wcmt)) + (—2—1—)€3 cos(6went)
o0 2,
sin ((2k + 1) Wem?) a(l-m?) :
~ Mo (1 + m)) kz(; e (1-m)) s (a sin(@ond) + ks SinGuan)
(1-m?) = sin ((2k + D) (1= 772) b
Jj . . cm J _ _ '_3
5= (ki sin(went) + ks sinBwent) AZ T T (1 k- ) .
(8)

component of the PWM reference waveform and the circulating current are given by

Mgm = VV?"‘ = Mo sin (wem?) (6a)
=&
2
1 —m? mii;
. . . 7 d
Leire,j = lj( Mcmj] sin (wcmt) + _2"" - ?c (6b)

The PWM reference waveforms used to control the upper and lower arms of phase-leg j
and to generate the common-mode voltage are given by (2a) and (2b). Substituting for m.m
from (6a), m,, ; from (2a), and i, ; from (6b) in (1a), the upper-arm phase-;j SM capacitor
voltages are deduced as

idc . i
by + . - + ——
dvep,j ( 3 Feirc,j 2) 1 —mj—myy
dt Csm 2 elres
- ij _ijcm - Mcm
Csm 4 4
(1 -mj - m§ + 1113.)

+ M ! ) sin (Wem?)

1 —m?
( 4mj cos(2a)cmt)]. @)

+

While deriving (7), a sufficiently fast closed-loop circulating current controller is assumed,

which results in igrc ; = igirc, jrer- Additionally, mg., jand W—v”p‘ ;j are considered negligi-
: o B e PR
ble in (7). Considering appropriate phase shifts, similar expressions can be concluded for

capacitor voltage ripple of the SMs in the lower arm as well. As shown in (7), the frequency
spectrum of the SM capacitor voltages has been shifled from £, to f, and since for > f;,
the magnitude of the voltage ripple is reduced.

10



1.4.2 The Proposed Strategies

The proposed control strategies to reduce the SM capacitor voltage ripple, hereafter
referred to as the proposed strategies, are based on injecting a square-wave common-mode
voltage whose PWM reference waveform is expressed by

M, if0<t<
M=y 2om )
M, i <t<—
2 fom Sem

The circulating current is derived based on cancellation of low-frequency components in
the capacitor voltage ripple. The square-wave common-mode reference waveform in (9)
can be expressed by its Fourier series expansion as

N AM, .
cm = 7y O 2 emf) .
m ;”(2“ 35 $in (2 + 1) wan) (10)

The distinction between the two proposed strategies lies in the circulating current used
to attenuate the low-frequency components of the capacitor voltage ripple of each SM. The
circulating currents used in the two proposed strategies are:

Strategy I. A sinusoidal circulating current, with components in the vicinity of the
common-mode frequency, as given by

LA mii; _dag
feire, = 1j| 7 sin(wemt) + R (11)
;Mcm

Substituting for my, from (10), m,, ; from (2a), and iy ; from (11) in (1a) result in

Dep [ n

(1 - mj) (1 - mi) sin{wem?)

dt - Csm | 8Mn
1
+ Z (1 - mi) COS(2wcmt)
) (1 - mﬁ) sin(wem?) i sin((2k + 1) wem?)
2 2k+ 1

k=1

M, (1+m) i sin((2k + l)wcmt)]‘ a2

T / ps 2k+1)

As shown by (12), the frequency spectrum of the SM capacitor voltage ripple is
shifted to the vicinity of f.

Strategy II: A sinusoidal circulating currcnt, with components in the vicinity of the
common-mode frequency and a third harmonic of the common-mode frequency, as

11



Table 1: Comparison of the two proposed strategies with the sine-wave strategy

Strategy | Mem,max circ, jpeak 1 iZirc, jrms
(T'=n) i, 2
Strategy 1 ——= {1+ V1 -0.57x) 2/ nvr where fomy vt = I
® 7 - - 4(1 - m)(1 + VT=0.5mx) emiNMI
(1-m) 0.9rf, 10
Strategy I1 ——= {1+ VT=0.97x} | 1.874/em1.nm2 Where Taminmiz = —
& 7 ) o ot 401 - m)Sl + VT=00zx) | 9 omiam2
. R (1-m) _ b 2
Sine-Wave Strategy in [15] 5] (l + V1 -2x} 2lemi sine Where fong sine = m Icmlsinc
given by
A |
Leire,j = 1 4 (ky SIN(Wem?) + k3 SIN(3went))
_Mm
T
mjlj Ide 13
Pl ()

ki and k3 in (13) are determined to minimize the rms value of i ; and to attenuate
the low-frequency components of the SM capacitor voltage ripple.

Substituting for ny from (10), m, ; from (2a), and iy ; from (13) in (1a) results in
(8). To mitigate the low-frequency components of the SM capacitor voltage ripple,
the last term in (8) should be enforced to zcro, i.e.,

1—k1—§=0. (14)
Furthermore, as shown by (13), to minimize the rms value of the circulating currents,

kf + k§ needs to be minimized. Therefore, the coefficients &, and k3 are determined
by

Minimize k2] + kg (15)
k
subject to &y + ?3 =1
Solving (15) gives ki = 0.9 and k3 = 0.3, which results in shifting the frequency
spectrum of the SM capacitor voltage ripple to vicinity of £, under low-frequency
operation.
1.4.3 Comparison of the Proposed Strategies with the Sine-Wave Strategy

As discussed in Section 1.2, the control stratcgy based on injecting a square-wave
common-mode voltage and circulating current [16], may raise control issues. Therefore,
the performance of the proposed strategies are compared against the sine-wave strategy.
Assuming the same peak value for the common-mode voltage reference used in the two
proposed strategies and the sine-wave strategy in (6b), (11) and (13), the peak value of the

12



circulating current in the proposed strategies is reduced by 21.5% and 33.8%, respectively,
when compared with the sine-wave strategy. The squared rms value of the circulating cur-
rent, which is proportional to the additional conduction losses of the converter caused due to
the presence of circulating currents, is also reduced by 38% and 44.2%, respectively. How-
ever, as compared to Strategy I, Strategy 1l requires a higher m. ;, which, subsequently,
limits the peak value of the common-mode voltage reference mcmmax. To determine the
peak value of the common-mode voltage reference signal for each of the proposed strate-
gies, the following condition that represents the range of the upper-arm phase-; reference
signal, m,, ;, should be satisfied:

OSmp,j-Sl

1 —m;—mg,

=0 < > = Mgire,j < 1. (16)
Based on (16), the limits of common-mode voltage reference signal for the two pro-
posed strategies and the sine-wave strategy are listed in Table 1. The corresponding peak
and the squared rms values of the circulating current for the three strategies are also pro-
vided in Table 1. The variable x in Table 1 is defined as
41,L,
x = gt (17)
Vdc (1 N m)
Equation 16 along with the limits determined in Table 1 for the common-mode voltage
reference signal, help prevent over-modulation.

1.5 Controller Design Methodology

n, .
PWM " p
Generator-1
pwM [T
L
Generator-2
Fig. ml
ﬁ t‘E cm
| M 9
i A Capacitor Leirc Juref
L Vohage
m, Ripple Fem
i Reducti
Reference
Generator

Figure 2: Control block diagram of the MMC.

A summary of the MMC control in MMC-based adjustable-speed PMSM drive systems
with either of the proposed strategies or the sine-wave strategy is provided in Figs. 2-3. The
control of MMC comprises the motor gd current control along with the circulating current
control. The corresponding closed-loop systems are shown in Figs, 4-5.
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Figure 4: Block diagram of the closed-loop motor gd current control system.
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Figure 5: Block diagram of the closed-loop circulating current control system.

The PI controller parameters of the motor gd current controller are given by

Le
= — R, a
K, =8|—|- Ry 18
ts,out
(Req+1<p)2
Ki=~—" (18b)
46(2)utl‘eq

The aforementioned PI controller parameters are designed on the basis of the closed-loop
system in Fig. 4.

The settling time and time constant of the closed-loop circulating current control system
shown in Fig. 5 are given by

5L,

loint = ————, 19

S,Int R0+Kp1 ( a)
Lo

Toon = ————. 19b

Ry + Ky (195)

Based on the condition that the closed-loop circulating control system settles much faster
than the closed-loop motor ¢gd current control system and much slower than the current
filter, the maximum and minimum settling times are defined as

tS,OUl

ts,int,max = 5 , (203)
ts,int,min = 5ts,ﬁlter- (20b)

14



The corresponding proportional controller gains, based on (20) and (19a), are given by

L,
Kpl.minl = Sts_out = Ro, (218,)
5
L,
Kpl.max =5—~ R,. (21b)
Sts.-fllter

To prevent the attenuation of the common-mode frequency components in the circulating
currents, the maximum time constant of the closed-loop circulating current control system
is defined as

1

I W — m (22)
The corresponding proportional controller gain, based on (22) and (19b), is
Kol min, = 10 X 210 femL, — R,. (23)
The constraints on K,,; are given by
max {Kp1 min, » Kpl.min,} < Kp1 < Kp1,max (24)

The controller gains of the motor gd current and circulating current control systems are
designed using (18) and (24), respectively.

1.6 Closed-loop System

The closed-loop dynamics of the system, comprising the MMC-based adjustable-speed
drive with the control strategy described in Sections 1.4 and 1.5, is provided in this section.
The stability of this closed-loop system is proven in this section as well.

1.6.1 Closed-loop System Dynamics

From the motor gd current controller block diagram in Fig. 3, the fundamental fre-
quency component of the PWM reference waveforms of the ac-side phase voltages are
given by

Mype = T(er)—lm;d()

2K, . ]
= Wf (labc,ref i labc)
2K; . . :
+ V—IT l f T (labc,ref - labc) dt
dc
2w, Leg 2
+ Xiabc + _eab ) (253)
‘/§Vdc Vdc ¢
0 -1 1
X=|1 0 -1}. (25b)
-1 1 0
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Based on the circulating current controller, the modulation indices in the abc domain to
control the circulating currents, are given by

T
Mirc,abc = (mcirc,a Mcire,b mcirc,c)

Kpl q ~ .
= % (lcirc,abc,ref iy lcirc,abc) . (26)
de
Expanding the dynamic model of MMC from (3) to all the phases, substituting for

Mg, from (25) and Mg g from (26), linearizing the resulting system about its oper-

2V
. . . . 5 _ dc A _ .
ating/reference point (iaberefs Leirc abeyrefs Ve apeop = N 1, Veabeop = 0) by neglecting the

higher-order terms in the Taylor series expansion, and removing the stationary ripples re-
sults in the following state-space equation

X~ A(x(t) + d(1, %), (27a)

dt
Ay 0 Ay As
0 Ay oo s

Al = 27b
@ A An A O (270)
Ay Ais 0 A

T
dt,x)= (4] 0 4] A%) f T Sigpedt, (27c)
where
Olape = labe = laberefs (28a)
5icirc,abc = icirc,ab:, - icirc,abc,ref, (28b)
2Vy
6v§,abc = v)c?,abc - NC 1, (28(:)
6v?,abc = vﬁabc’ (28d)
] . T
x = (014 Oiliease OV OVAT), (28¢)
K
Ay =T'—, (28f)
Leg
(Kp+Reg) o
Ay = ——2L + —X, (28g)
Leq V3
Nw, . T Nmcy
= d Xi, + I
4 2\/§Vdc lag(( 1 Dc,ref) ) 4Leq 3
+ diag(e],,). (28h)

2 Vdc Leq
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N pl +RC,1

As = gl do =~

4 = —%13,/18 :A“Lf’

Ag = Vdclésm dlag( abc’ref) T

Ay = NCo (dlagK (abc ref) dlag( abc)) _ 2’?; 7
WrLeq

- m (diag((Xiabc,ref)Ti) + diag(izbcyref) X) ,

P ClM L+ Vjﬁ;Mdiag(iZ}rc,abc,ref) ;_;jlcl_;
Ay = Aig = _RpéSMIS,
A = ilé;M diag(l;r”c abe ref + I;)c )Tﬁl’
_ ;—Z;‘;wdiag(igim,abc,ref + l;: IT)X
Ajs = chSM diag(i abcref) 7 2CSM diag( abc) Z;;h
2w, Leq

— —————diag((Xiaperer) ),
\/ngcCSM ( ) )

1.6.2  Stability Analysis of the Closed-loop System
The system described by (27) and (28) is re-written as

d

% =4 (l‘)X] + d](l X1, XZ)
dx; = ApXy + dy(t, Xy, 1)
#dt = ApXp + dolt, Xy, M),

17

(281)

(28))

(28Kk)

(281)

(28m)

(28n)

(280)

(28p)

(28q)

O represents the Hadamard product, and 1 = (1 1 l)T. Equations (27) and (28) represent
the linearized closed-loop dynamics of the MMC-based adjustable-speed drive system with
the control strategy described in Section 1.5. The system described in (27) and (28) is a non-
autonomous system and its stability, based on Lyapunov analysis of singularly perturbed
non-linear non-autonomous systems [25], is proven in the next section.

(29a)

(29b)



where

-5 ! (30a)
4 RpCSM Kpl +R0,
T
x| = (5i§,,c oviL, ovAl ), (30b)
X2 = 6icirc,abc’ (300)
dpm - 30d
A
A1) =4 A1z 0|, (30¢)
Ay 0 A
Ayt x1,0) = (0 pdy puds)x, (300)
T
di(tx,x) = (0 A% AL) x
T
+(47 47 AT) f TSigp.dt. (30g)

Kp +R, . o .
Based on (18a), (21a), and (24), le— is large. Additionally, R,Csy is very large due

to the large resistor R, typically used]in the voltage sensing circuit. Consequently, based
on (30a), 4 — 0. That is, the system in (29) and (30) can be considered as a combination
of a reduced-order system and a boundary-layer system as u — 0.

Substituting # = 0 in (29b) results in

A;,X2:O=>X2=O. (31)
The solution of x; in (29b) with 4 = 0 is given by (31). Substituting x, from (31)in

(292) results in a reduced-order system for the system described by (29) and (30), which is
given by

d
= = A%+ i x), (32a)
di,(tx)) = (4] 4] ,41T3)T f T Sigpedt (32b)

t
A “fast time” 7 = — and a boundary-layer state x,(7) = x,(ut) = X5(f) are defined.

7
Then, the boundary-layer system for the system described by (29) and (30) is given by

d

b~ Ayxy + dolt, %1, 0)

dr
= 5 28
= RpCSMLOXb‘ (33)
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The boundary-layer system given by (33) is exponentially stable, uniformly for any (7,x,),

with the eigen-value of ———=— of algebraic multiplicity 3.
R,CswL, '
The reduced-order system described by (32) can be re-written as
dx
—cht'l = A, X1+ d (8 x2), (34a)
dx
lll—cht"z' = App(t, p)X1 2 + dy (8 X115 X125 1), (34b)
where
1 (350
=—_— a
A RGN
T
xiy = (ovEL, VAT ), (35b)
X12 = Glgpe, (35¢)
|
— I 0
4, =| RrCom L (35d)
0 - I
R,.Com °
1
+ tiReq
(R Csm ) w,
Aty ) = ——= L+ m—X, (35¢)
’ Leq V3
I IR
di (t,x12) = (Am A14) X2
+ (47 An) f T 2dlt, (35)
dio(f, X0, X2, 1) = (/11A4 ,UIAS) X1,1
+/1|A2fTX1,2dt. (35g)

Since K,R,Csy is large due to the large R, as explained earlier, u; — 0. As 1 — 0, the
system described by (34) and (35) can be considered as a combination of a reduced-order
system and a boundary-layer system.

Substituting u; = 0 in (34b) results in

Ap(1,0)X12, =0= X, =0 (36)

The solution of X, ; in (34b) with u; = 0 is given by (36). Substituting x; , from (36) in
(34a) results in the reduced-order system for the system described by (34) and (35) and is
given by

CI’X]_[

4 A X1 37)
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The reduced-order system given by (37), (35b), and (35d), is exponentially stable with the

eigen-value of — of algebraic multiplicity 6.

p~SM

. t
Furthermore, define another “fast time” 7y = — and let x; 5(71) = x12(u171) = X;.2(2).

H
Then, the boundary-layer system for the system described by (34) and (35) is given by

dx
—Lb App(8,0)x1 5 + dy 2(1,X1,1, X1 5, 0)

dTI
= 1 X (38)
T RCsmleg
The system described by (38) is exponentially stable, uniformly for any (7,x; ), with the
1 ST
eigen-value of —————— of algebraic multiplicity of 3.
RpCSMLeq

Based on the aforementioned results, the following statements are true for the system
described by (34) and (35):

1. The origin of the reduced-order system given by (37), (35b) and (35d) is exponen-
tially stable,

2. The origin of the boundary-layer system given by (38) is exponentially stable, uni-
formly for any (t,x; ;).

Then, by Theorem 11.4 in [25] for singularly perturbed systems, the origin of the system
described by (34) and (35) is exponentially stable, for small ;. That is, the origin of the
reduced-order system for the system described by (29) and (30) is exponentially stable, for
small p;.

Summarizing the results for the system described by (29) and (30), the following state-
ments can be concluded:

1. The origin of the reduced-order system given by (34) and (35) is exponentially stable.

2. The origin of the boundary-layer system given by (33) is exponentially stable, uni-
formly for any (t,x;).

Therefore, by Theorem 11.4 in [25] for singularly perturbed systems, the origin of the
system described by (29) and (30) is exponentially stable, for small i and ;. Consequently,
the proof of stability of the closed-loop system comprising the MMC-based adjustable-
speed drive with the control strategy described in Section 1.4 and 1.5, is concluded.

1.7 Experimental Results

The experimental results on a laboratory-scale MMC system for the following case
studies are demonstrated in this section: (i) startup, (ii) step change in torque, and (ii)
steady state. The aforementioned experimental case studies provide support to the theo-
retical proof of stability of the proposed control strategies and their design methodology,
and verify the superior performance of the proposed strategies over the sine-wave strat-
egy. The parameters of the PMSM load and the MMC system are listed in Tables 2 and 3,
respectively.
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Table 2: PMSM Parameters

Quantity Value
Rated power 2kVA
Rated voltage (line-to-line) 109V
Rated electrical frequency f; 120 Hz
Rioad 0.22Q
Lioad 6.03 mH
Number of poles pairs (P/2) 2

Table 3: MMC Parameters

Quantity [ Vvalue
Nominal power 10 kVA
Ly 2.2mH
Ro 88.88 mQ
Nominal net dc voltage V3. 200 vV
SM capacitance Csm 1.41 mF
Number of SMs per arm NV 4
IGBT voltage drop 1.5V
IGBT resistance 222 mQ
Diode voltage drop 1.25Vv
Diode resistance 7 mQ
Carrier frequency f 3.6kHz
1
Sampling time f; = ' 18 kHz
1.7.1 Startup Operation
=
7 1
B | v |
= L
_'_E 5{:,"=-— I BEC e e TN
. |
= |
B fe— i E—— T S
L lhj:l 02 0.4 (L6 (LB 2
S Tirse {5)
(a)
- ﬁﬂ.\i_
E' i | j i II--uI
£ 19 —
E : ]
o
E |
Sl — Y B Y S—Y |
Time (s)
(b)

_
e

Phase Currents (A)
h o w

o
=3
o
=
IS
=3
=
=

Time (ss

(c)
Figure 6: MMC experimental waveforms for Strategy 1 during startup: (a) phase-a SM
capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.

The startup of the PMSM involves the acceleration of the PMSM from zero to 240 rpm
with motor gd current references of iy ¢ = 2.12 A and iyr = 0 A. The startup process is
performed based on both of the proposed strategies with £, = 90 Hz.
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Figure 7: MMC experimental waveforms for Strategy II during startup: (a) phase-a SM
capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.

The experimental results of the MMC system during the startup of PMSM using Strate-
gies [ and II are shown in Figs. 6 and 7, respectively. The startup of PMSM with Strategies
I'and II is initiated at # = 1.8 s and ¢ = 2.4 s, respectively. The capacitor voltages of two
SMs, one in the upper arm and one in the lower arm of phase-a, are shown in Figs. 6(a) and
7(a). As shown in Figs. 6(a) and 7(a), the peak-to-peak ripple of the SM capacitor voltages
during the startup process using Strategies I and II is maintained within 10 V and 13 V,
respectively. The phase-a arm currents during the startup process are shown in Figs. 6(b)
and 7(b). In addition to the low-frequency ac-side motor current, a high-frequency circu-
lating current is observed in the arm currents during the stratup process. The ac-side motor
currents during the startup process are shown in Figs. 6(c) and 7(c).

1.7.2  Step Change in Torque

A step change in the torque reference is equivalent to a step change in igref [27]. For
a change in i, r from 2.82 A to 1.41 A and with iyr = 0 A, the experimental results of
the MMC system operating with both of the proposed strategies and using fim = 90 Hz are
shown and explained in this section.

The experimental results of the MMC system with a step change in the torque reference
of the PMSM are shown in Figs. 8 and 9, respectively. At ¢ = 2.4 s, the machine torque
is stepped up from 1 Nm to 0.5 Nm. The capacitor voltage of two SMs, one in the upper
arm and one in the lower arm of phase-a, subsequent to the step change in the torque are
shown in Figs. 8(a) and 9(a). As shown in Figs. 8(a) and 9(a), subsequent to the transience
associated with the step change in the torque, the peak-to-peak ripple of the SM capacitor
voltages is well maintained. The phase-a arm currents during the step change in the torque

22



(=3
o

Capacitor Voltages (V)
w
(=)

OO

02 04 06 08

Arm Currents (4 )
1

E = =
.g |
Q0

|
Time (s)

N —r T T

glg_ ' e

& Y N R S SIS PRI

i ‘ ‘ J . ‘

a0 0.2 0.4 0.6 0.8 Time (55
(©

Figure 8: MMC experimental waveforms for Strategy I during step change in the torque:
(a) phase-a SM capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.

2100 :

80 cpa__ cna
60
40
20r
0

0 0.2 0.4 0.6 0.8

Capacitor Voltages

Arm Currents (A)

S O
T

|
w
T

Phasc Currents (A)

04 06 038
(©

Figure 9: MMC experimental waveforms for Strategy II during step change in the torque:
(a) phase-a SM capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.
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are shown in Figs. 8(b) and 9(b). The ac-side motor currents subsequent to the step change
in the torque are shown in Figs. 8(c) and 9(c).
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1.7.3 Steady-state

The experimental results of the MMC system driving the PMSM at 240 rpm speed and
with a peak ac-side current of 7, = 4.24 A using the sine-wave strategy, and the proposed
Strategies 1 and II are shown in Figs. 10 to 12, respectively. The common-mode frequency
used in all the strategies is fo = 30 Hz. The capacitor voltage of two SMs, one in the upper
arm and one in the lower arm of phase-a, for the three strategies are shown in Figs. 10(a)
to 12(a). As shown in Figs. 10(a) to 12(a), the peak-to-peak ripple of the SM capacitor
voltages for the sine-wave strategy, and Strategies [ and 11 is maintained within 22 V, 19 V,
and 16 'V, respectively. The phase-a arm currents are shown in Figs. 10(b) to 12(b). As
shown in Figs. 10(b) to 12(b), the peak value of the arm current for the sine-wave strategy,
and Strategies I and Il are 10 A, 7.5 A, and 6 A, respectively. The ac-side currents for the
three strategies are shown in Figs. 10(c) to 12(c). The experimental results highlight the
superior performance of the proposed strategies over the sine-wave strategy, in terms of the
peak-to-peak ripple of the SM capacitor voltage and the peak value of the arm current.
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Figure 10: MMC experimental waveforms for the sine-wave strategy in steady-state: (a)
phase-a SM capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.
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Figure 11: MMC experimental waveforms for Strategy I in steady-state: (a) phase-a SM
capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.
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Figure 12: MMC experimental waveforms for Strategy Il in steady-state: (a) phase-a SM
capacitor voltages, (b) phase-a arm currents, and (c) ac-side currents.
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CHAPTER II

CONTROL OF THE DC-DC MMC

2.1 Mathematical Modeling of the DC MMC
2.1.1 Basics of Operation

The circuit diagram of an M-phase-leg DC MMC is shown in Fig. 13 in which the DC-
link 2 voltage vy, is greater than the DC-link 1 voltage v4.;. The DC MMC consists of two
arms per phase-leg, i.e., an upper arm (represented by superscript “p”) and a lower arm
(represented by superscript “n”). Each arm consists of series connection of N nominally
identical half-bridge SMs and an arm inductor /. The output terminal/mid-point of each
phase-leg is connected to the converter DC-link 1 terminal via a phase filtering inductor L.

Each SM of the DC MMC of Fig. 13 can provide two voltage levels at its terminal,
i.e., zero or vg’j, xel{p,nlie(l,2,.,N};jell,2,.. M}, depending on the states of its
complementary switches S ;1 ; and S, ;. Ideally, the average value of each SM capacitor
voltage is maintained at v4c2/N. The two switching states of SM-i in arm-x of phase- are:

e S,1;=1and S, ; = 0: ON-state or inserted,
e S.1;=0and S, ;= 1: OFF-state or bypassed.

The number of phase-legs of the DC MMC should be chosen based on the power rating
requirement. For high-power applications, multiple phase-legs are required to increase the
power rating of the converter. For the case of M = 1, a series LC filter is inserted to
establish a path for the AC circulating current [28]. For the case of M > 1, the phase-legs
operate in an interleaved manner, i.e., the gating signals among phase-legs are identical
with a phase shift of Z.

The voltage of each arm of the DC MMC, i.e., vii, x € {p,n}; je{l,2,.,M),is
controlled by the number of inserted SMs. During normal operation, the voltage of each
arm consists of a DC as well as an AC component. The lower arm DC voltage component
is determined by vy while the upper arm DC voltage component is determined by the ratio
of vye1 /vaea. The AC voltage component, on the other hand, is controlled to drive an AC
circulating current component within each phase-leg, exchanging active AC power between
the upper and lower arms of the corresponding phase-leg.

For proper operation of the converter, the following constraints must be satisfied: (i) the
half-bridge SM can only insert a positive voltage in the ON-state, thus the instantaneous
arm voltage must be greater than zero, and (ii) the maximum instantaneous arm voltage
must be smaller than the DC-link 2 voltage. Therefore, the maximum amplitudes of the
AC component of the upper and lower arm voltages are determined by:

|‘~)§rm,ac|max = Min[VfrmAdc, (Vae2 — V:rm,dc)]’ (39)
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Figure 13: Circuit diagra'r'r'l of an M-phase-leg DC MMC.

I"}Zrm‘aclmax = Min[v;’rm’dc’ (vd62 - erm,dc)]' (40)

2.1.2 Phasor-domain Steady-state Model

To develop a mathematical model of the DC MMC, the following assumptions are
made:

1. The number of SMs per arm is assumed to be considerably large. Based on this
assumption, the arm voltages can be represented by ideal voltage sources;

2. The converter components are ideal and lossless, i.e., Py, = P,

outs

3. A proper capacitor voltage balancing strategy is adopted to maintain the SM capacitor
voltages balanced at their nominal values, i.e., v4 /N.

In deriving the steady state model of the converter, for the sake of simplicity, only
one phase-leg is considered. Nevertheless, the mathematical model of one phase-leg can
be extended to the case of an M-phase-leg DC MMC. Fig. 14 shows the corresponding
equivalent circuit of a single phase-leg of the DC MMC, where v* and ¥} .. represent

arm,dc arm,ac
the DC and AC components of the arm voltage, respectively, Lyrmde a0d 7§rm,ac represent the
DC and AC components of the arm current, respectively, i, 4. represents the DC component
of the phase current, and ?,,,ac represents the AC component of the phase current, which
should be ideally equal to zero. The cascaded SMs within each arm are represented by
ideal controllable voltage sources. Since the converter consists of M identical phase-legs,

the rated DC power is equally shared among the phase-legs.
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Figure 14: Equivalent circuit of one phase-leg of the DC MMC.

Based on the superposition principle, the converter phase-leg equivalent circuit can be
decomposed into DC and AC sub-circuits. To derive the DC equations, a DC equivalent
circuit of a single phase-leg is obtained and shown in Fig. 15. Based on the assumption of
a lossless conversion, the DC components of the upper and lower arm voltages and currents
can be represented by:

V:,m,dc = Vdc2 ~ Vdel» (41)
v:rm,dc = Vel (42)

g idc2
e ~ (43)

" lic2 Ve
Larmde = ﬁc(vdcl - 1) (44)

C
The upper and lower arm DC power can be represented by:
'/ Vdcl P
= -1H)—, 45

Shad I Wy (45a)
P:rm,dc = —Pfrm,dc’ (45b)

where P is the output power and is considered positive when power flows from the DC-link
1 to DC-link 2.

Based on the superposition, the upper and lower arm AC equivalent circuits of one
phase-leg are shown in Figs. 16(a) and (b), respectively. In the AC analysis presented in
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this paper, all voltages/currents are represented with respect to the lower arm voltage AC
component. Since both DC-link 1 and DC-link 2 terminals of the converter do not carry
any AC component under normal operation, for the AC analysis, they can be represented
as short circuits. Based on the equivalent circuits of Figs. 16(a) and (b), the following
equations are derived for the arm current and phase current AC components:

. X~
Vfrm,ac + vn

X;+X Yarmac

iann,ac 1= ; X, (46)
JX+ £55)
- X, o~
~u Vgrm,ac + /\/I*'fYL Vfrm,ac
larmac = (X XX, s 47
JX+ 558)
; = ( X ‘N’frm,ac - V;rm,ac ( 48)
og,ac — - XX ’
AL
X+ X jo + 2%
where X; is the arm inductive reactance, X; is the phase inductive reactance.
The arm AC active power can be calculated by:
P;rm,ac = Re(f):rm,aci;fm,ac ’ (49)

where ?;ﬁn’ac represents the complex conjugate of the upper and lower arm current AC com-
ponents. By substituting 7§m,ac from (46) and i;, .. from (47) into (49), the arm AC active
power are represented by the following equations:

X . o .
zlijrm,ac = mwfrm,ac”varm,ac|Sln(¢)a (502)
Pgrm,ac = _Pall)rm,ac, (SOb)
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where ¢ represents the phase angle of the upper arm voltage AC component with respect to
lower arm voltage AC component.

Under steady state conditions, to maintain the average voltages of the SM capacitors
at their nominal value, the sum of DC and AC active powers of each arm should be equal
to zero. By equating the arm DC and AC active powers, the power balance constraint is
represented as:

Vel P XL . N .
= T o Pamacl 7 sin(d). 51
Vdc2 M (/\’12 + 2)(/XL)I ,aC”varm,acl in(¢) (51)

2.2 Converter Design and Component Sizing

The objective of the component sizing is to minimize the total power losses while satis-
fying a set of given design constraints. The design constraints include the magnitude of the
SM capacitor voltages ripple, total semiconductor power losses, and the amplitude of the
AC component of the phase current. The semiconductor power losses, i.e., conduction and
switching, mainly depend on the magnitude of the arm current [29]. Since the DC com-
ponent of the arm current is determined by the operating conditions, the main design goal
is to minimize the magnitude of the AC component of the arm current. For this purpose,
sizing of the arm and phase filtering inductors as well as the SM capacitor are discussed
in this section. In addition to the component sizing, selection of the operating frequency
of the converter is also explained. In the following subsections, the operating conditions in
Table 4 in Section 2.3.3 are used to demonstrate the design process.

2.2.1 Arm Inductive Reactance

To size the arm inductive reactance, a simplified model is derived and used by assuming
that the phase filtering inductive reactance is much larger than the arm inductive reactance
(Xr >> X;). Consequently, (46), (47), and (51) are simplified to:

;ell)rm,ac = ?:m,ac = _'Zj—Xl(ff;'m,ac o %)rm,ac)’ (52)
Vdcl P 1 - - .
Vd:Z - 1)—1\2 = _2_)6lVé’rm,ﬂCIIvgrm,aclszn((p)' (53)

In the DC-AC MMC used in HVDC applications, the arm reactance serves two main
functions: (i) attenuating the high-frequency components of the circulating current and
(i1) limiting the DC-side short-circuit fault current. In contrast, in the DC MMC, the AC
circulating current is required to exchange active power between the upper and lower arm
of each phase-leg, whereby power balance can be maintained within each phase-leg. As
a result, the magnitude of the circulating current is controlled to maintain the SM power
balance and does not need to be suppressed by passive components. In the DC MMC,
the arm inductor acts only as a line impedance such that the voltage across the inductor
generates an AC component for the arm current.
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Once the DC-link 1 voltage, DC-link 2 voltage, and rated power are given, the ampli-
tude of the arm current AC component can be solved for various phase shifting angle by
(52) and (53). The amplitude of the arm AC current versus ¢ for different arm inductive
reactance is plotted in Fig. 17. Once the arm inductance is selected, the amplitude of
arm current AC component moves along one unique curve shown in Fig. 17 as the phase
shifting angle changes from /2 to 7. As the phase shifting angle approaches 7, the am-
plitude of the arm AC current component reaches a minimum. To minimize the converter
losses, the arm AC current amplitude should be minimized by controlling the phase shift-
ing angle and corresponding arm AC voltage amplitude. Based on Fig. 17, the size of arm
inductance does not affect the minimum achievable arm current AC component amplitude.
However, as the arm inductance decreases, the rate of change of the arm current AC com-
ponent amplitude with respect to the phase shifting angle increases when the arm current
AC component amplitude approaches the minimum value. As a result, a sufficiently large
reactance should be selected to ensure that the controller converge to the minimum AC
current. Selection of the arm inductance value depends on the controller type/design.

2.2.2  Phase Filtering Inductive Reactance

For proper operation and minimized power losses of the DC MMC, the AC component
of the output phase current should be negligible. This necessitates a large phase filtering
inductive reactance, which for high power/voltage applications, adds to the system cost and
complexity. Therefore, it is of interest to detcrmine the minimum phase filtering inductive
reactance that satisfies the constraint on the amplitude of AC current component of the
phase current. The amplitude of the phase AC current can be determined by solving (48)
for various phase filtering inductive reactances. Fig. 18 shows the amplitude of the AC
component of the phase current versus the phase filtering inductive reactance. As the phase
inductive reactance increases, the current amplitude decreases. However, the rate of change
of the phase current AC component is reduccd as the phasc inductance increases, which
means the marginal cost of reducing the phase current AC component is increased. A
minimum phase inductance can be identificd to kecp the phase current amplitude below a
certain value given as a design constraint.
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2.2.3 SM Capacitive Reactance

The SM capacitive reactance is determined based on the magnitude of its voltage ripple.
A smaller capacitive reactance leads to a lower SM voltage ripple amplitude but higher
cost. The design objective for the SM capacitive reactance is to identify the maximum SM
reactance that satisfies the SM capacitor voltage ripple constraint.

The dynamic of the sum of the SM capacitor voltages can be expressed by [30] :

dvrpr N
= —— VP b 54
dt CVdcz & mlarm ( )

where C is the SM capacitance and V"7 is the sum of SM capacitor voltages of the upper
or lower arm. The sum of the SM capacitor voltages is given by:

v):p,n = NVC,nominal + NAVg,n, (55)

Where Ve nominal Tepresents the nominal value of the SM capacitor voltage and Av’c”" repre-
sents the ripple component of the SM capacitor voltage of the upper or lower arm.
The arm voltages can be expressed by:

vzllirm = (Vg2 — Vie1) + Vp cos(wt + ®), (56)

vgrm = Vi1 + Vi cos(wt), (57)

where V), and V), represent the amplitude of the AC component of the upper and lower arms,
respectively, and w represents the converter operating frequency.
The arm currents can be expressed by:

k= —%}3 + 1, cos(wt + ¢,), (58)
o= 92Dy L cos(wt + 6), (59)

arm —
M Vdcl
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where ¢, and ¢, represent the phase angle of the AC component of the upper and lower
arm currents with respect to the lower arm voltage, respectively, and / » and /, represent the
amplitude of the upper and lower arm current AC component, respectively.

Substituting for ¥, .. and zarm ac from (56)-(59) to (54) and integrating both sides of the
results, the SM capacitor voltage ripple component can be expressed by:

!
AV =(1 _M)_p

sin{w? + ¢,)—
Va2 wC ( ¢p)

Viyiaer

de2 1 V
m sin(w? + @) + m sin(2wr +¢ +4,), (60)
Ave. = Yeerln sin(w? + ¢,)+
€ VgwC ’
V42 n dc2
2y | sin(wf? +—sm 2wt +¢,). (61
(dl )Mdc wC (@) 4V4e20C ( #o- (O

As shown in (60) and (61), the capacitor voltages of the SMs in the upper and lower
arms contain one fundamental component term as well as a second-order harmonic term.
The amplitude of the fundamental term depends upon the ratio of the input and output
DC-link voltages. The SM capacitor voltages in the upper and lower arms have the same
ripple magnitude only if the ratio of vg; and v, is 0.5. Therefore, while evaluating the
SM capacitor voltage ripple, the larger value of the SM capacitor voltage ripple magnitude
between the upper and lower arms is considered to select the SM capacitive reactance.
Solving (60) and (61), the normalized magnitude of the SM capacitor voltage ripple versus
the SM capacitive reactance is shown in Fig. 19 for vg.;/v4e = 0.5. Based on F ig. 19, the
maximum SM capacitive reactance can be determined to satisfy the SM capacitor voltage
ripple requirement.

2.2.4 Operating Frequency

Unlike the DC-AC MMC used in the HVDC applications in which the operating fre-
quency is imposed by the converter AC-side frequency, the operating frequency of the

33



P %)

.

La

=]

|
1 " L N —
L 1000 2000 3000 4000 5000

(Hz)

Figure 20: Converter semiconductor device losses versus the operating frequency.

DC MMC is a free design parameter. The operating frequency can be chosen based on a
trade-off between the component size/cost and the converter efficiency. To choose a proper
AC operating frequency, the power losses of the converter are evaluated at various operat-
ing frequencies. Since a higher operating frequency leads to smaller passive components
size/cost, the maximum AC operating frequency that satisfies the power loss constraint is
identified. Since the semiconductor devices make the major contribution to the converter
total power losses [31], the power loss constraint is set for semiconductor devices losses.
To calculate the power losses, a power loss estimation method based on semiconductor be-
havior model is adopted from [32,33]. By applying this method, the total conduction and
switching losses of the DC MMC at the given operating condition are evaluated for various
operating frequencies. The converter total semiconductor device losses versus the converter
operating frequency are shown in Fig. 20. Once the operating frequency is chosen, the arm
and phase filtering inductances as well as the SM capacitance can be determined based
on the operating frequency and their corresponding rcactances, determined in the previous
steps.

The procedure to size the components of the DC MMC is illustrated in the flowchart of
Fig. 21. Given the nominal operating conditions and the design constraints, first, the arm
inductive reactance is selected based on the controller design. The arm inductive reactance
should be sized to guarantee that the controller converges to the achievable minimum arm
AC current. As shown in Fig. 21, several iterations might be required to find the set of
components, which satisfy the design constraints. Once an arm reactance is selected, the
amplitude of the AC component of the phase current is calculated for various phase fil-
tering inductive reactances. A minimum phase filtering reactance that satisfies the phase
current AC component amplitude constraint can be identified in this step. The SM capaci-
tor voltage ripple magnitude will then be calculated for different SM capacitive reactances.
A maximum SM capacitive reactance will be identified to satisfy the constraint on the SM
voltage ripple magnitude. In the next step, semiconductor power losses are estimated at
various frequencies and the maximum frequency that satisfies the power loss constraint can
then be identified. After this step, the controller performance will be evaluated by simula-
tion studies. If the controller fails to converge, the arm inductive reactance will be resized.
If the controller performance is satisfied, the arm and output inductors as well as the SM
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Figure 21: Flowchart of the component sizing procedure of the DC MMC.

capacitor can be sized.

2.2.5 Simulation Results

Simulation results are reported in this section on a three-phase-leg DC MMC, using
parameters and corresponding constraints listed in Tables 4. The studies are conducted to
validate the developed steady state model and demonstrate the accuracy of the converter
design process. The sizes of the passive components are determined based on the design
procedure proposed in Section 2.2. Two modes of operations are simulated to mimic the
bidirectional power flow: the buck mode of operation, which is defined as DC power flow-
ing from the DC-link 2 to the DC-link 1 and the boost mode of operation, which is defined
as DC power flowing from the DC-link 1 to the DC-link 2. The designed converters are
simulated in the PSCAD/EMTDC software environment. The sinusoidal pulse width mod-
ulation (SPWM) scheme in conjunction with the open-loop control strategy in [34] are
used in the simulation studies. The steady state converter waveforms for buck and boost
modes of operation of the DC MMC are provided in Figs. 22 and 23, respectively, where
Vaet/Vaez = 0.5. In both figures, the SM capacitor voltages and arm currents of only the
phase-a are shown. The nominal conditions, design constraints, converter parameters, and
analytical results are shown in Table 4. By following the described design procedure, an
arm reactance of 2 Q is selected to ensure the convergence of the controller. An output
reactance of 450 € is chosen, which results in 9.8 A phase AC current amplitude. Xgy is
selected as 0.2 €, which results in 3.8% SM capacitor voltage ripple. An AC operating
frequency of 360 Hz is chosen, leading to 0.5% semiconductor power losses.

Since vgc1/vaa = 0.5, the DC components of i, and i7 . have the same magnitude as
shown in Figs. 22(c) and 23(c). The magnitudes of the SM capacitor voltages ripple in the
upper and lower arms are almost the same, i.e., 74 V for buck mode of operation and 78
V for boost mode of operation. The peak to pezk magnitude of the AC component of the
phase current is equal to 18 A for both modes of operation. As confirmed by the waveforms
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Table 4: Nominal conditions and design constraints of the study system

Nominal Conditions | Value
Rated converter power, P 7MW
DC-link 1 voltage, vy 8.8 kV
DC-link 2 voltage, vy., 4.4 kV
Design Constraints Value
Phase current ripple, |70 ac.p-pl/io.dc 5%
SM voltage ripple, |[Avsml/Ve pominal 4%
Converter power losses 1%
Converter Parameters Value
Number of SMs per arm, N 4
SM capacitor, Cqy 2 mF
Arm inductor, / 0.89 mH
Phase filtering inductor, L 132 mH
Operating frequency, f 360 Hz
Performance Parameters Analytical Results
Phase current ripple, |7o,acp-p 19.6 A
SM capacitor voltage ripple |Avou| 8l1.6V
Converter power losses 0.5%

of Figs. 22 and 23, the magnitude of the SM capacitor voltages ripple and AC component
of the phase current are below the design constraints for both modes of operation.

2.3 Closed-loop Control of the DC MMC

In the DC MMC, the power flow within each arm can be decomposed into a DC and
an AC component. The DC power component is controlled to transfer the commanded
power between the input and output DC links. An AC circulating current needs to be
injected and controlled to exchange active AC power between the upper and lower arms
of each phase-leg such that the power balance of each SM capacitor is maintained. The
arm AC active power should be actively controlled to follow the arm DC power in the
upper and lower arms by controlling ¥, .. and Varm.ac- AAS shown in (51) there are infinite
possible combinations of control inputs, i.e., f)frm)ac and v . .., that satisfy the power balance
constraints. However, from the power loss and device rating perspectives, the amplitude
of AC circulating current must be minimized. To minimize the AC circulating current that
delivers a constant amount of arm AC power, the amplitudes of the AC components of the
arm voltages must be maximized.

To minimize the divergence between the SM capacitor voltages of the upper and lower
arms, a closed-loop control strategy is requircd. The closed-loop control strategy for the
DC MMC involves three tasks: (i) minimization of the voltage divergence between the
SM capacitors of the upper and lower arms; (ii) minimization of the circulating current
required to exchange active AC power; and (iii) regulation of the output DC-link voltage.
To this end, two closed-loop control strategies are proposed in this section: an MCC, which
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Figure 22: Steady-state converter waveforms for buck mode of operation for vy /vy =
0.5: (a) input and output dc voltages, (b) input and output currents, (c) upper and lower
arm currents of phase-a, (d) phase currents, () SM capacitor voltages of the upper and
lower arm of phase-a and (f) upper and lower arm voltages of phase-a.
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is based on the phasor-domain model of the DC MMC, and a PCC, which is based on an
perturb and observe algorithm.

2.3.1 The MCC

Fig. 24 shows overall block diagram of the proposed MCC. The MCC consists of an
outer loop to regulate the output DC-link voltage combined with an inner loop to maintain
the SM capacitor voltages balanced. In this control strategy, the SM capacitor voltages
of the upper and lower arms and the output DC-link voltage and current are the measured
variables. The upper and lower arm voltage references are the outcomes of the closed-loop
control.

Block diagram of the output voltage regulator of the MCC is shown in Fig. 25. To regu-
late the output DC-link voltage at its reference value, the outer loop employs a Proportional-
Integral (PI) controller that acts on the difference between the reference and measured out-
put DC-link voltage to generate the reference value for the DC component of the lower
arm voltage, v, ;. .- The reference value for the DC component of the upper arm voltage,
v:nn, deref? is determined by subtracting v:rm, deuref from vgc, to satisfy the KVL in the DC loop
formed by vy4ep, V2, and v’

arm,dc arm,dc”’

¥n
vC
D)
ZP Q m |A vunn,uc,rc(l
vC

Figure 26: Auxiliary controller of the proposed MCC.
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To maintain the power balance between the upper and lower arms, an estimator shown
in Fig. 24 is used to generate the reference amplitude for the AC components of the upper

and lower arm voltages, I\”)frm el ADA V1 ], respectively, as well as the reference phase
angle for the AC component of the upper arm voltage, ¢. IV macrefl 15 Maintained at its

maximum value while |\7§ rm’ac,mfl is controlled by the estimator to regulate the AC active
power exchange. First, the required arm AC aclive power to maintain the power balance
between the upper and lower arms is determined by substituting for the measured DC-link
voltages and current in (45). To minimize the AC circulating current, [, .c|max should be
applied as the reference. [¥) aclmax and [Virm.aclmax are then determined by substituting for
v:rm,dc’ref and v 4 . Which are generated by the outer control loop into (39) and (40).
Finally, ¢ is determined by substituting for the measured DC-link voltages, P, Ifzfrm,ac,refl,
and IV ac.refl 10t0 (S1).

Assuming equal power sharing among M phase-legs, the estimator uses the measured
P to estimate the reference signals that minimize the AC circulating current for each phase-
leg. This assumption is valid under normal operating conditions. To improve the accuracy
and robustness of the MCC to minimize the AC circulating current, the output power of
cach phase-leg can be measured by measuring the output current of each phase-leg and
used to determine the reference signals. This approach, however, will adds to the cost and
complexity of the converter for high-power applications, where multiple phase-legs need
to be installed.

For the sake of disturbance rejection, a compensating signal, |AV? rmac.ref 18 generated by
an auxiliary controller shown in Fig. 26. The auxiliary controller employs a PI controller
acting on the difference between the sum of the SM capacitor voltages of the upper and
lower arms to correct steady state error of the SM capacitor voltage balancing and to assist
the estimator in maintaining the power balance during converter start-up and transients.
The compensating signal is added to [ ¢» which is generated by the estimator.

arm,ac,re

2.3.2 The PCC

The block diagram of the proposed PCC is shown in Fig. 27. Similar to the MCC,
the PCC has an outer loop, which regulates the output DC-link voltage combined with an
inner loop, which maintains the SM capacitor voltages between the upper and lower arms
balanced. Nevertheless, the PCC requires less measured variables as the output DC-link
vollage and the SM capacitor voltages of the upper and lower arms are the only variables
to be measured.

The outer loop voltage controller has the same structure as the one in the MCC. In this
section, the inner loop power balance control will be explained. To explain the operation
of the PCC, two error signals are defined:

€= wfrm,aclmax - hN'Zm,ac,refla (62)
) %
e = vyl ~vg, (63)

where v?’ and v)é" represent the sum of the SM capacitor voltages of upper and lower arms,
respectively,
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Figure 27: Overall block diagram of the proposed PCC.

The inner loop of the PCC consists of two PI controllers acting on e, and e,. -
is fixed at its maximum value determined by (40) and [, .| and ¢ are the outcomes of
the closed-loop control. Deviation of e; from zero indicates power imbalance between the
upper and lower arms such that the sum of the SM capacitor voltages diverges from the
lower one. The PI controller adjusts [V rmacrefl 1O correct the power imbalance between the
upper and lower arms. If e, > 0, which indicates If)frm,ac’refl is smaller than its maximum
available value, the PI controller increases ¢. As ¢ increases, the required IV ormac.ref! tO
establish power balance between the upper and lower arms is increased, which leads to
an increasing in e;. The PI controller that acts on e; will increase |\”)§rm,ac,ref| to reduce the

divergence between the sum of the SM capacitor voltages of the upper and lower arms

until |\”)§rm,ac’ref| reaches its maximum attainable value, [V}, aclmax- If €2 < 0, meaning that
If)f oacrefl 15 greater than its maximum value and the converter operates in over-modulation

mode, the PI controller acting on e, decreases ¢. As ¢ deceases, e; becomes negative
since |\~)”arm,ac’ref| required to establish power balance between the upper and lower arms is
reduced. The PI controller that acts on e; will decrease |\7:rm,ac,ref| to minimize the divergence
between the sum SM capacitor voltages of the upper and lower arms until If): rmoac.refl ATOPS
to its maximum attainable value.

Since the push-pull operation ensures that [V, ,c| and [Vam.ac| Operate at their maximum
attainable values, the AC circulating current is minimized. In addition, the divergence
between the sum of SM capacitor voltages of the upper and lower arms is minimized.

2.3.3 Simulation Results

To demonstrate performance and effectiveness of the proposed control strategies, a two-
phase-leg DC MMC is simulated in the PSCAD/EMTDC software environment. The sys-
tem parameters and operating conditions are listed in Table 5. Although the DC MMC is
capable of bidirectional power transfer, without loss of generality, buck mode of operation,
i.e., DC power flowing from the DC-link 2 to the DC-link 1, is considered for simulation
studies.
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Table 5: Parameters of the study system

Converter Parameters | Value
Number of phase-legs, M 2
Number of SMs per arm, N 4
SM capacitor, Cgy 2.6 mF
Arm inductor, / 1.1 mH

Phase filtering inductor, L | 210 mH
Operating frequency, w 360 Hz
Rated Power, P 7MW
DC-link 2 voltage, vy, 8.8kV

The DC MMC operating with each of the proposed control strategies is simulated under
two scenarios. In Scenario I, the DC MMC operates in buck mode of operation with a
reference output DC-link voltage of 4.4 kV. Initially, the converter transfers 3.5 MW power
(halfload). At ¢ = 0.5 s, the output power is ramped up from 3.5 MW to 7 MW (full load).
In Scenario 11, the DC MMC operates in buck mode of operation with an reference output
DC-link voltage of 4.4 kV transferring 4.86 MW power. At ¢ = 0.5 s, the reference output
DC-link voltage is ramped up from 4.4 kV to 5.28 kV (10% increase), which corresponds
to ramping the transfered power from 4.68 MW to 7 MW (full load).

2.3.3.1 Simulation Results under the MCC

The simulated waveforms for the study system based on the MCC in Scenario I are
shown in Figs. 28 and 29. Initially, the DC MMC system of Fig. 13 is in a steady state
condition and 3.5 MW power is flowing from the DC-link 2 to the DC-link 1. Vdel ref 1S Set
to4.4kV. Att = 0.5 s, the output power is ramped up to 7 MW. Figs. 28(a) and (b) show the
DC-link voltages and currents of the DC MMC phase-a, respectively. As depicted, the DC-
link 1 voltage is well regulated at 4.4 kV under both transient and steady state conditions.
As shown in Fig. 28(d), the SM capacitor voltages are maintained at their nominal value
0f 2.2 kV. The magnified waveforms during and subsequent to the ramp-up are shown in
Fig. 29. Since the converter operates with a duty ratio of 0.5, the maximum amplitude
of the AC component of the arm voltage is 4.4 kV. As shown in Figs. 29(b) and (d), the
AC components of the arm voltages are maintained at the vicinity of their maximum value
during ramp-up and steady state. As a result, the AC circulating current is maintained at
its minimum value. Moreover, as shown in Figs. 29(a) and (c), the divergence between the
SM capacitor voltages of the upper and lower arms are minimized.

The simulated waveforms for the study system based on MCC in Scenario II are pro-
vided in Figs. 30 and 31. Initially, the DC MMC system of Fig. 13 is in a steady state
condition and 4.86 MW power is flowing from the DC-link 2 to the DC-link 1. Vdel ref 18
set to 4.4 kV. At = 0.5's, vyc1 rer is ramped up by 10% to 5.28 kV, corresponding to power
ramp-up from 4.86 MW to 7 MW. As shown in Fig. 30(a), subsequent to the ramp, the out-
put DC-link voltage is well regulated at 5.28 kV. As the output DC-link voltage increases
from 4.4 kV to 5.28 kV, the DC component of the lower arm voltage shown in Fig. 31(d) is
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Figure 28: Converter waveforms in Scenario I with the MCC: (a) input and output DC-link

voltages, (b) input and output DC-link current, (¢) upper and lower arm currents of phase-a,

and (d) SM capacitor voltages of the upper and lower arms of phase-a.
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Figure 29: Magnified portion of converter waveforms in Fig. 28: (a) SM capacitor voltages
of the upper and lower arms of phase-a, (b) reference AC voltages of the upper and lower
arms of phase-a, (c) SM capacitor voltages of the upper and lower arms of phase-a, and (d)
reference AC voltages of the upper and lower arms of phase-a.

increased while that of the upper arm voltage is decreased. As a result, the maximum am-
plitudes of the AC component of both the upper and lower arms are decreased. Subsequent
to the ramp-up transient, the AC components of the arm voltages are maintained at their
maximum value. Furthermore, the SM capacitor voltages are maintained balanced under
both transient and steady state conditions, as shown in Fig. 31.

2.3.3.2  Simulation Results under the PCC

The simulated waveforms for the study system based on the PCC in Scenario 1 are
shown in Figs. 32 and 33. The output DC-link voltage is regulated at 4.4 kV and the SM

43



> 10 "

o "

5 sl Bacam r= 0

; 5 'Vdcl ...........
g

(a)

ideti g2 (kA)
&
w

(b}

VsM (kv) larm (kA)
o doo
N NS BN

0 0.5 1 1.5 2
(d) Time (s)
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Figure 31: Magnified portion of converter waveforms in Fig. 30: (a) SM capacitor voltages
of the upper and lower arms of phase-a, (b) reference AC voltages of the upper and lower
arms of phase-a, (c) SM capacitor voltages of the upper and lower arms of phase-a, and (d)
rcfcrence AC voltages of the upper and lower arms of phase-a.

capacitor voltages are maintained balanced under both steady state and transient conditions.
In addition, the AC components of the arm voltages are maintained at their maximum value
as shown in Figs. 33(b) and (d). As confirmed by the simulation results, both the MCC and
PCC are capable of simultaneously regulating the output DC-link voltage, maintaining the
SM capacitor voltages balanced and minimizing the AC circulating current.

The corresponding simulated waveforms based on the PCC in Scenario 1l are shown
in Figs. 34 and 35. As confirmed by the waveforms, the PCC is capable of regulating the
output DC-link voltage, maintaining the SM capacitor voltages balanced, and minimizing
the circulating current under both transient and steady state conditions.
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Figure 33: Magpnified portion of converter waveforms in Fig. 32: (a) SM capacitor voltages
of the upper and lower arms of phase-a, (b) reference AC voltages of the upper and lower
arms of phase-a, (c) SM capacitor voltages of the upper and lower arms of phase-a, and d
reference AC voltages of the upper and lower arms of phase-a.

2.4 Conclusions

In this chapter, a phasor-domain steady state mathematical model for the DC MMC is
proposed. Based on the proposed model, a systematic procedure of sizing the converter
components is developed. Proper sizing of the components ensures the converter achieve
high efficiency while satisfying a set of given design requirements. Two closed-loop control
stratcgies, one based on an MCC and the other based on a PCC are proposed to simultane-
ously regulate the output DC-link voltage, maintain the SM capacitor power balanced, and
minimize the AC circulating current of the DC MMC. Simulation results are presented to
demonstrate the accuracy of the proposed dcsign procedure as well as the effectiveness of

45



> 10 T . :
=2 1 -
5 75 Vch'_' = P R —
F 25 - - .
(@
z 0 f —
é _0'5 ..... 3 . : ldc‘z‘ 4
:;_1‘5. o N T ......
D=2
(b)
2 1ok i —
< 125
= 04
£ -04
S12f e

0 05 1 15 2

(d) Time (s)
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a, and (d) SM capacitor voltages of the upper and lower arm of phase-a.
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the proposed control strategies.
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